If smoking is a risk factor for Alzheimer disease (AD) but a smoker dies of another cause before developing or manifesting AD, smoking-related mortality may mask the relationship between smoking and AD. This phenomenon, referred to as competing risk, complicates efforts to model the effect of smoking on AD. Typical survival regression models assume that censorship from analysis is unrelated to an individual's probability for developing AD (ie, censoring is noninformative). However, if individuals who die before developing AD are younger than those who survive long enough to develop AD, and if they include a higher percentage of smokers than nonsmokers, the incidence of AD will appear to be higher in older individuals and in nonsmokers. Further, age-specific mortality rates are higher in smokers because they die earlier than nonsmokers. Therefore, if we fail to take into account the competing risk of death when we estimate the effect of smoking on AD, we bias the results and are in fact only comparing the incidence of AD in nonsmokers with that in the healthiest smokers. In this study, we demonstrate that the effect of smoking on AD differs in models that are and are not adjusted for competing risks.
(Alzheimer Dis Assoc Disord 2012; 26:300-306) E pidemiological studies of risk and protective factors for dementia are often viewed with skepticism because of inconsistencies in results and conclusions. 1, 2 One risk relationship that has been particularly controversial is that observed between cigarette smoking and Alzheimer disease (AD). Several earlier studies (both cross-sectional and prospective) on older adults suggested that smoking might have a protective effect against developing incident AD. [3] [4] [5] [6] [7] In contrast, more recent studies have reported that midlife smoking significantly increases the risk of developing incident AD in later life. 8 This paradox parallels the phenomenon observed with midlife versus late-life cholesterol, blood pressure, and body mass index. 9 An intuitive explanation is that those who develop the outcome (AD) in late life are those who have lived long enough to enter the age of risk for developing AD and to enter the study in question. 10 Recruitment of an older sample is thus unavoidably biased in favor of survivors, and smokers who survive are likely to be healthier than smokers who die. This is called survival bias, and the impact of ignoring it has been discussed by others. 11, 12 Further, after entering the study, smokers are likely to die earlier (younger) than nonsmokers. If smoking is a risk factor for AD but a smoker dies of another cause before developing or manifesting AD, smoking-related mortality may mask the relationship between smoking and AD. This phenomenon is referred to as competing risk.
Statistical modeling of the effect of smoking on AD is complicated by the presence of competing risk due to death. The usual survival regression model assumes that an individual being "censored" from the cohort (due to death, loss to follow-up, or being still alive and free of dementia at the end of the study) is unrelated to his/her innate probability of developing incident AD, that is, censoring is noninformative. However, if individuals who die before developing AD are younger than those who develop AD, and if they include a higher percentage of smokers than nonsmokers, the incidence rates of AD will appear elevated in older individuals and among nonsmokers. In addition, even though overall mortality rates for smokers and nonsmokers might be comparable, age-specific mortality may be higher in smokers as they tend to die earlier than nonsmokers. 13, 14 Therefore, if we fail to take into account competing risk due to death when estimating the effect of smoking on AD, we may in fact only be comparing AD incidence between nonsmokers and the healthiest smokers. Merely censoring out individuals who die before developing AD might bias the results. Here, we demonstrate the variation in the estimated effect of smoking on incident AD (the "main event") depending on whether or not the analytic model takes mortality (the "competing risk") into account.
METHODS

Study Population
We used data derived from a completed populationbased project entitled the Monongahela Valley Independent Elders Survey (MoVIES), which investigated various aspects of normal and abnormal aging between 1987 and 2002 in a community in southwestern Pennsylvania. The study cohort was drawn from a rural, largely blue-collar community in the mid-Monongahela Valley. The original cohort of 1681 individuals aged 65 years or older was assembled between 1987 and 1989 and was followed up in biennial data collection "waves" until 2002, for a total of 6 waves. At wave 2, which is the baseline for the current analysis, the cohort included 1342 participants. They were aged 67+ years with a mean age of 74.9 ± 5.5 years; approximately 60.7% were women and 97.4% were white (reflecting the base population of the rural mid-Monongahela Valley), and they had a median educational level of high school graduation. The analytic data set for the present analyses includes 1242 participants at wave 2 after excluding 92 individuals who had prevalent dementia with onset before wave 2 and 8 individuals with unknown dementia-onset dates.
Predictor Variables
Beginning with wave 2, current smoking and lifetime smoking were determined by the participant's response to the questions "Do you smoke cigarettes now?" and "Have you ever smoked cigarettes regularly?" The number of cigarettes smoked per day was not ascertained. Other baseline covariates included demographic information (age, sex, and education), potential confounders (alcohol, depression, number of prescription drugs used, lipid-lowering drugs used, nonsteroidal anti-inflammatory drugs used, self-reported health status, and number of alcoholic drinks consumed at a time), APOE E4 carrier status (determined at wave 3), and self-reported disease history (collected at wave 3), determined by the participant's response to the question "Has a doctor or nurse ever told you that you have (the condition of interest)?" Specifically here we included self-reported cerebrovascular disease (stroke or transient ischemic attack) and cardiovascular disease (diabetes mellitus, myocardial infarction, hypertension, and high cholesterol). We examined the frequencies and proportions of these variables on the basis of age among smokers and nonsmokers.
Outcome Variables
Incidence of AD
As reported previously, dementia was defined by Diagnostic and Statistical Manual of Mental Disorders-III-R criteria and staged according to the Clinical Dementia Rating (CDR) scale 15, 16 ; its date of onset was estimated on the basis of all available data. 17 For the present analyses, we treat a CDR value <0.5 as indicating the absence of dementia (dementia free) and a CDR value Z0.5 as indicating the presence of dementia. Between wave 2 and the study cutoff date on December 31, 2001 (follow-up duration: mean 8.2 ± 3.9 y, median 10.0 y), we observed 275 incident cases of dementia with a CDR value Z0.5. Among them, 202 cases were probable or possible AD; 73 cases were non-AD dementias; and 1 case was of indeterminate cause. 18 The latter 74 cases were treated as censored in the survival analyses described below.
Mortality
Over the average 8.2 years of follow-up (10129.6 person-years of follow-up), there were 485 (39.1%) deaths. Mortality was the main source of attrition, as would be expected in an aging cohort (9% to 15% between 2-year waves). As reported previously, given the stability of the region's older population, we had complete ascertainment of mortality. Further, the mortality rates from MoVIES were comparable with the US national rates for whites and with the reported mortality rates from AD and population attributable risk of mortality from AD. 19, 20 
Choice of Survival Model
The outcome variable for these analyses was years from baseline assessment (wave 2) interview to the estimated onset date of incident AD. The main predicting variable was self-reported smoking status (never smoker vs. lifetime smoker) at wave 2. Lifetime smokers were defined as current smoking at wave 2 or ever having smoked regularly.
We first used a log-log survival plot to assess the proportional hazards (PH) assumption for the main covariate. The lines for nonsmokers and smokers did not significantly deviate from the parallel, indicating that the PH assumption was not violated, and PH models were appropriate for this data set. We used the Cox PH regression as the main model to estimate the effect of smoking on incident AD. The model stratified age at wave 2 into 2 categories: 65 to 74 years and 75 years or above.
Adjustment for Competing Risk Due to Death
Deaths that occur before dementia onset in individuals who would have developed dementia (had they lived long enough) have the effect of censoring the latent failure time to dementia. To account for the possible bias from competing risk due to death, we have-in theory-to eliminate these deaths. As death cannot be eliminated in reality, a statistical solution is needed. These censored lifetimes can be completed statistically by estimating the latent failure times for dementia, based on data from the participants who did develop dementia during their lives. 21, 22 Both smokers and nonsmokers had high mortality rates, as expected in this aging cohort. The Cox PH model assumes that death is a source of noninformative censoring. This is problematic because factors that are positively correlated to mortality might also be positively correlated to developing incident AD. A commonly used regression model taking competing risks into account is the Fine and Gray (FG) proportional subdistribution hazards model. 23 The FG model assumes that those who died without developing AD would neither have died of AD nor developed AD had they lived throughout the follow-up period. This is also problematic because our population was 65 years or older, an age group in which neither incident AD cases nor deaths from AD are rare.
To account for possible violation of the FG competing risk regression model, we performed a further modification to incorporate the probability of developing AD among those who died had they survived the entire follow-up period. First, we constructed a propensity model to estimate this probability at the last observed follow-up for each individual, using a logistic regression model with covariates (smoking, age, sex, and education) that were potential risk factors for developing AD. In the propensity model, those who developed AD during the follow-up were treated as "events," whereas those who remained alive and free of AD until the end of the study were treated as "nonevents." Each individual (including those who died without developing AD) was then assigned a propensity score by calculating his/her estimated probability.
In the second step, the propensity scores for those who died without developing AD were used to reclassify them into main events (incident AD or death with high probability of having AD) or competing events (death with low probability of having AD), to correct for the bias due to informative censoring of death. Those who died were reclassified as having had main events (if their propensity scores were above a cutoff point) or as competing events if below the cutoff point. The cutoff point we chose for the reclassification is the median propensity score among those who developed AD ( Fig. 1 ). Sensitivity analyses showed that the median was the most conservative among the cutoff points that produced stable results (data not shown).
Fitted Regression Models
We fit 2 types of age-stratified regression models to estimate the effect of smoking on the incidence of AD. First we fit Cox PH regression models, in which participants who survived and remained AD free, as well as those who died without developing AD, were treated as censored. Next, we fit the modified FG competing risks regression models. Here, participants who remained alive and AD free were again treated as censored, but those who died without developing AD were treated either as competing risks (if their propensity scores were above the cutoff point) or as censored (if their propensity scores were below the cutoff point). Lifetime smoking status was the main predictor variable in both types of models.
For both Cox and modified FG regressions, we fit 3 different models by sequentially adding more covariates:
Model 1: smoking and incident AD. Model 2: smoking and incident AD adjusting for baseline and demographic covariates. Model 3: smoking and incident AD adjusting for baseline and demographic covariates, APOE E4 allele, and vascular risk factors. Because age was the main confounding variable, we fit these 3 models stratified by age (n = 751, 60.5% for age less than 75 y at baseline; and n = 491, 39.5% for age 75 y or above at baseline). Cox PH regression was applied for all 3 models without adjusting for competing risks, and hazard ratios (HR) were reported for the smoking effect. The modified FG regression models were applied for all 3 models adjusting for competing risks, and subdistribution HRs were reported for the smoking effect.
RESULTS
At study baseline (wave 2), smokers were significantly younger than never smokers. The proportion of smokers was significantly higher in those aged less than 75 years (14.7%) than in those aged 75 years or above (7.7%, P<0.001). Among younger elderly individuals (aged 65 to 74 y), smokers were more likely to have depressive symptoms and more likely to consume alcohol. Among older elderly individuals (age 75 y or above), smokers and nonsmokers were not significantly different (Table 1) If smoking increases the risks of both incident dementia and mortality, we would expect different results from the models adjusting and not adjusting for competing risks. In the Cox PH model, our data show that smoking decreases the risk of incident dementia (HR = 0.47, 95% confidence interval (CI), 0.26-0.86, P = 0.01 from the Cox PH model) but increases the risk of mortality (HR = 1.09, 95% CI, 0.83-1.41, P = 0.54). Therefore, we may expect adjustment for competing risks to change the effect size but not necessarily reverse the results. Table 2 gives the results of the estimated effect of smoking on incident AD with and without adjustment for competing risks. Without adjusting for any covariates (model 1), the estimated HR for smoking suggested an apparent protective effect against incident AD. The key comparison here shows that the HR for smoking is similar between the Cox model (no adjustment for competing risks) and the modified FG model (with adjustment for competing risks). After adjusting for covariates (models 2 and 3), the hazards for smokers and never smokers are more similar to each other when estimated from the competing risk model than from the Cox model. On examining the model results in the 2 age strata, we found that in the younger age group (age 65 to 74 years), Cox models and modified FG competing risk models gave very similar HR estimates in all 3 models. In contrast, in the older age group (age 75 or above), Cox models show a much stronger "protective" effect for smoking than the modified FG competing risk model. This finding indicates that, only in the older group were smokers more likely than nonsmokers to die with AD or develop AD if they lived throughout the follow-up period. Figure 3 depicts the adjusted rates of developing AD between smokers and nonsmokers derived from models 1 to 3 with and without adjusting for competing risks. It shows that adjusted rates estimated from the Cox model and modified FG competing risk model are similar for participants aged 65 to 74 years. The FG competing risk models gave higher estimates of probability of developing AD.
DISCUSSION
In this approximately 13-year cohort study of individuals aged 67 years or older at the start of the follow-up period, lifetime smoking was associated with a lower hazard of incident AD. This association was statistically nonsignificant but consistent across all statistical models and both age groups. The focus of our analysis was to compare the results across models that did and did not take competing risks into account; that is, the possibility that the apparent protective effect of smoking could be explained by smokers at risk for AD dying before developing dementia.
The results of the adjusted and unadjusted models were very similar in participants aged 65 to 74 years but quite different in those aged 75 years or older. These data suggest that, in older participants, competing risk from mortality is partly responsible for the decreased hazard of AD observed among smokers. Identifying and addressing competing risk can therefore help eliminate or reduce bias in the risk analysis. When early observational studies showed negative associations between smoking history and AD, commentators appropriately suspected that the finding was likely an artifact of survival bias and/or competing risks. 11, 12, 24, 25 Yet, experimental research has consistently shown nicotineinduced short-term enhancement of attention and information processing. [26] [27] [28] [29] [30] [31] A recent review of molecular and cellular studies suggests that nicotinic acetylcholine receptor mediates protection against neurotoxicity induced by b-amyloid and glutamate. 32 Perhaps these findings gained traction partially because they were consistent with the smokers' anecdotal experience of improved alertness during and after smoking. However, the deleterious effects of smoking on the cardiovascular and pulmonary systems and its carcinogenic effects were sufficient to increase the risk:benefit ratio of smoking to unacceptable levels. In fact, the population-based cardiovascular health study found that second-hand smoking exposure increased the risk of dementia in individuals with subclinical (undiagnosed) cardiovascular disease; we lack data on second-hand smoking to replicate these results. 33 In our analyses, selfreported vascular risk factors and vascular disease history did not alter the associations between smoking and AD, but the MoVIES study did not measure subclinical vascular disease. In a recent meta-analysis of studies published from 1984 to 2006, 18 case-control studies without tobacco industry affiliation yielded a nonsignificant pooled odds ratio (0.91; 95% CI, 0.75-1.10) of smoking effect on AD; 8 casecontrol studies with tobacco industry affiliation yielded a significant protective effect of smoking on AD (odds ratio = 0.86; 95% CI, 0.75-0.98); 14 cohort studies without tobacco industry affiliation showed that smoking had a significantly increased relative risk of AD (1.45; 95% CI, 1.16-1.80); and 3 cohort studies with tobacco industry affiliation found that smoking had a nonsignificant pooled relative risk (0.60; 95% CI, 0.27-1.32) on AD. 34 An important longitudinal study that followed up participants from age 50 onward found that midlife smoking increased risk of AD in late life. 8 In contrast, most studies of the effects of various exposures on AD incidence involve cohorts enrolled after the age of 60 years, before which AD onset is relatively rare. 35 Although this is a costeffective approach with respect to case detection, a study sample restricted to older adults is by definition a survivor sample and lacks information on those who died before they could enter the study. Further nonrandom information is lost when individuals die during the course of the study without (before) developing AD. Here, we have demonstrated a statistical approach to adjusting for survival bias and competing risk. The fact that we did not find a large effect size for competing risk may reflect the 2-year follow-up with relatively low attrition rates in the MoVIES study; the probability is low that an individual without dementia at one assessment wave would develop dementia and die before the next assessment. However, it is possible that an individual with incipient AD could die of a smoking-related disease before clinically manifesting dementia. AD indicates Alzheimer disease; CI, confidence interval; HR, hazard ratio; NSAID, nonsteroidal anti-inflammatory drugs; SHR, subdistribution hazard ratio.
We have shown that the magnitudes of the estimated effect of smoking on incident AD vary according to whether or not the analytic models take competing risks into account. We could underestimate or overestimate the effect of exposure if those who experience the competing event (mortality) have higher (or lower) risk of developing the main event (AD) if the competing events had not occurred. If we simply treat death as censored in the analysis, we presume that the risk of death and the risk of developing AD are uncorrelated and hence either underestimate or overestimate the effect of smoking on AD.
To judge whether a survival model should take competing risks into account when data involve competing risks, the simplest way is to ask whether the main event and the competing event are highly correlated. If the answer is yes, a model taking competing risks into account will be appropriate, whether or not the competing risk is found to have a significant impact. The FG model is the most widely used competing risk regression model, but it assumes that, because of biological or other characteristics, those who experienced the competing event would have had zero chance of developing the main event during the entire follow-up period. This assumption is violated in the present study because the individuals who died during follow-up still had the chance to develop AD before they died. Our modification of the FG model based on propensity scores adjusts for this possibility. It is worth noting that we used smoking status and demographic information (age, sex, and education) to predict the probability of developing AD in the propensity score model. If this model is misspecified, the results of the modified competing risks model might not be ideal, although it should still perform better than the nonadjusted Cox model and the FG model.
In addition to competing risks, survival bias at the time of sample selection is a form of unavoidable selection bias that should also be taken into account in studies on older adults. The impact of selection bias on the estimation of the effect of exposure has been described in detail by Herna´n et al 11 and Kukull. 12 Essentially, those who died directly or indirectly because of smoking, and those who already developed AD, cannot be included in the study sample. We can speculate that selective survival accounts for the lower proportion of smokers in the older compared with the younger subgroup of our cohort and that survival bias might thus account for the larger size of the apparent protective effect of smoking against AD in the older subgroup. In general, when we recruit an elderly cohort, we will underestimate the negative effect of smoking on incident AD unless we can adjust for survival bias in the selected sample. To adjust for survival bias, we would need data of age-specific rates of mortality and AD incidence for both smokers and nonsmokers. We will also need age-specific information on proportions of smokers. As such data cannot usually be obtained, there is a strong argument to be made for recruiting study cohorts at earlier ages and following them up through the age of risk for diseases of later life. When such cohorts are not available, statistical approaches such as those described here can help provide relatively unbiased estimates of the risk of disease associated with chronic exposures. 
